The exbBD genes of Pseudomonas aeruginosa PAO were cloned by complementation of the growth defect of an Escherichia coli exbB tolQ double mutant on iron-restricted medium. Nucleotide sequence analysis confirmed that these genes are contiguous and preceded by a second tonB gene in this organism, which we have designated tonB2. lacZ promoter fusions confirmed that expression of the tonB2-exbBexbD genes is increased under conditions of iron limitation. Deletions within any of these genes, in contrast to deletions in the first tonB gene, tonB1, did not adversely affect growth on iron-restricted medium. On the other hand, tonB1 tonB2 double mutants were more compromised as regards growth in an iron-restricted medium than a tonB1 deletion, indicating that TonB2 could partially replace TonB1 in its role in iron acquisition. TonB1 but not TonB2 deletion strains were also compromised as regards the utilization of hemin or hemoglobin as sole iron sources, indicating that heme transport requires TonB1. ß
Introduction
Energy-dependent receptor-mediated ligand uptake across the outer membrane of Gram-negative bacteria is dependent upon the function of the product of the tonB gene [1, 2] . This proline-rich protein is, in Escherichia coli, anchored to the cytoplasmic membrane via its N-terminus and extends into the periplasm [3] where it is postulated to interact with receptor proteins in the outer membrane [4] . This disposition of the protein re£ects its apparent role in coupling the energized state of the cytoplasmic membrane to the outer membrane receptors [1, 2] . TonB interaction with receptors is promoted by ligand binding to these receptors [5] , suggesting that TonB is speci¢cally recruited by ligand-loaded receptors. A tonB gene has been identi¢ed in Pseudomonas aeruginosa [6] and although it displays signi¢cant homology e.g. to E. coli TonB, the P. aeruginosa TonB protein is distinguished by the presence of additional sequences at its N-terminus, making it larger than all other examples of TonB [6] . Still, disruption of this gene abrogates siderophore-mediated iron uptake [6] , consistent with an involvement in iron uptake, as for other TonB proteins. While full TonB function is, in E. coli, dependent upon the products of the unlinked exbB and exbD genes [7, 8] , homologues of these genes have yet to be described in P. aeruginosa. In the present report, we describe the identi¢cation of the P. aeruginosa exbB and exbD genes which are linked to a second tonB gene.
Materials and methods

Growth medium
The iron-de¢cient succinate minimal medium has been described previously [9] and was supplemented with methionine (1 mM) or FeCl 3 (100 WM) as needed. Glucose (0.4% (w/v)) replaced succinate in this medium when used to culture E. coli. Luria broth (Luria broth base; Difco) was employed as the rich medium throughout. Antibiotics, including ampicillin (100 Wg ml 31 ), chloramphenicol (30 Wg ml 31 , E. coli; 200 Wg ml 31 , P. aeruginosa), tetracycline (10 Wg ml 31 , E. coli; 50^100 Wg ml 31 , P. aeruginosa) and HgCl 2 (15 Wg ml 31 ) were included in growth media as appropriate.
DNA methods
Protocols for preparation of plasmid DNA, restriction digests, ligations, transformations, use of T4 DNA polymerase and isolation of restriction fragments from agarose gels have been described [10] . DNA used for sequencing was puri¢ed using the Qiagen Midiprep kit (Qiagen) and sequenced by Cortec DNA Service Laboratories (Queen's University).
Cloning of the exbBexbD genes of P. aeruginosa
The exbB and exbD genes were cloned by complementation of an E. coli exbB/tolQ double mutant HE2 [11] . Brie£y, a pRG930 [12] library of P. aeruginosa PAO1 chromosomal DNA (provided by Pierre Cornelis) was mobilized into E. coli HE2 using a triparental mating protocol [10] . The mating mixture was initially plated on L-agar and incubated overnight at 37³C, at which time cell growth was resuspended in 1 ml of succinate minimal medium, washed three times with the same medium and plated onto minimal medium agar containing 200 WM 2,2-dipyridyl. Cosmid DNA was recovered from colonies appearing after 40 h, digested with a variety of restriction endonucleases and probed (in Southern blots) [13] with digoxigenin-labeled (Dig DNA Labeling and Detection kit, Boehringer-Mannheim; according to manufacturer's instructions) PCR fragments generated with primers based on the exbB sequence found in the partial P. aeruginosa genome sequence (http://www.pseudomonas.com). One complementing cosmid that hybridized to the exbB-based probes (pQZ217) was recovered and the exbBD genes were liberated on a 2.2-kb PstI fragment, which was cloned into pMMB206 [14] (to yield pQZ223). The exbBD genes were also recovered with tonB2 on a 4.5 kb-KpnI-SphI fragment, which was cloned into pRK415 [15] (to yield pQZ221) and sequenced entirely. The tonB2 gene was also cloned separately on a 2.4-kb KpnI-PstI fragment in pVLT31 [16] to yield pQZ222.
Cloning of tonB2 promoter region
The tonB2 promoter sequence was ampli¢ed from the chromosome of P. aeruginosa PAO1 strain K767 by PCR with primers Ton2-SalI (5P-GCATGTCGACTCGTT-CTTCAACGTCATCC-3P; SalI site underlined) and Ton2-KpnI (5P-GATCGGTACCTGGCTCAGCCAATG-GAT-CAC; KpnI site underlined). The reaction mixture contained two units of Vent DNA Polymerase (New England Biolabs), 0.2 mM of each primer, 0.2 mM of each deoxynucleoside triphosphate, 5% (v/v) dimethyl sulfoxide, 100 ng chromosomal DNA and 1UThermal bu¡er (New England Biolabs). The mixture was treated for 2 min at 94³C, followed by 30 cycles of 1 min at 94³C, 1 min at 56³C, 2.5 min at 72³C, before ¢nishing with 10 min at 72³C. The 1.2-kb tonB2 promoter-containing PCR product was puri¢ed using a QIAquick-spin PCR puri¢cation kit (Qiagen, Chatsworth, CA, USA.), digested with KpnI and SalI, and cloned upstream of the promoterless lacZ gene of KpnI-SalI-restricted pMP190 [17] to produce pQZ238.
Cloning and mutagenesis of the heme transport gene (phuR)
Using the published nucleotide sequence (GenBank accession # AF055999), the phuR gene was cloned by PCR ampli¢cation of P. aeruginosa PAO6609 chromosomal DNA using primers PhuR-BamHI (5P-CAGTGGATCC-TGCTCATCGACGGTTCCTC-3P; BamHI site underlined) and PhuR-HindIII (5P-CATGAAGCTTGTCAGA-TGTCCCAGACCAGG-3P; HindIII site underlined). The composition and the reaction condition of the PCR mixture were as described above for the tonB2 promoter. The phuR-containing PCR product was puri¢ed as above, digested with BamHI and HindIII, and cloned into pMMB206 to yield pQZ242. For mutagenesis purposes, the phuR gene of pQZ242 was released by digestion with BamHI and HindIII and subcloned into the gene replacement vector pEX18Tc. Digestion of the pEX18Tc: :phuR plasmid with SphI released a 325-bp fragment from within the phuR coding region. The remaining plasmid DNA was treated with T4 DNA polymerase to polish the ends, and ligated to the 6Hg-containing SmaI fragment of pHP456Hg (see above). Plasmid pQZ243 carrying the 6Hg-tagged phuR deletion was transformed into E. coli S17-1 and mobilized into P. aeruginosa PAO6609 (met9011 amiE200 rpsL pvd9) [18] by conjugation [6] . Transconjugants were initially selected on tetracycline and streptomycin (to counterselect the donor E. coli) and 6Hg-tagged phuR deletion strains recovered following selection on sucrose (10% (w/v)) and HgCl 2 as described [6] . The presence of the 6Hg-tagged phuR deletion in the chromosome (e.g. in K1411) was con¢rmed by PCR using the phuR primers and reaction conditions described above.
Construction of a vexbBD mutant strain
An exbB insertion mutation was initially constructed by insertion of a 6Hg-containing SmaI fragment of pHSP456Hg into the HpaI site of the exbB gene present on plasmid pQZ221. To construct a exbBD deletion, pQZ221 was digested with BamHI, which removed the 6Hg cassette as well as most of the exbB and exbD coding sequences (from the HpaI site in exbB to the BamHI site in exbD; see Fig. 1 ). A 6Hg-containing BamHI fragment, also derived from pHP456Hg, was subsequently ligated to the BamHI-restricted pQZ221 puri¢ed free of the exbBD-containing fragment. The 6Hg-tagged exbBD deletion was then subcloned into gene replacement vector pEX18Tc to generate pQZ226. Plasmid pQZ226 was transformed into E. coli S17-1 and mobilized into P. aer-uginosa PAO6609 as above. Transconjugants carrying a copy of pQZ226 in the chromosome were initially selected on L-agar plates containing tetracycline (50 Wg ml 31 ) and streptomycin (to counterselect the donor E. coli). 6Hg-tagged exbBD deletion strains were then recovered following selection on sucrose and HgCl 2 ml 31 as above. The presence of a 6Hg-tagged exbBD deletion (e.g. in K1410) was con¢rmed by PCR using primers TonB2-HindIII (5P-GATCAAGCTTCGTCGGCCTGCAACTGCA-C-3P; HindIII site underlined) and TonB2-SmaI (5P-GGGCTGTTGCGGGTGCATGTC-3P) and Vent polymerase as above.
Construction of a vtonB2 mutant strain
To construct a tonB2 deletion derivative of P. aeruginosa, the cloned tonB2 gene on plasmid pQZ222 was ¢rst mutagenized in vitro using PCR to create an internal 504-bp in-frame deletion. Primer pairs TonB2-EcoRI (5P-CAGTGAATTCGTGGTGGTGTCGATGCTCAAC-3P; EcoRI site underlined) and TonB2-mid (5P-GTTGTGG-CGAACCAGGTGCAAC-3P) were used to amplify the ¢rst 117 bp of tonB2 and its upstream £anking sequence while primer pairs TonB2-SmaI (5P-GGGCTGTTGC-GGGTGCATGTC-3P) and TonB2-HindIII (see above) were used to amplify the downstream tonB2 £anking sequence, including the last 188 bp of tonB2. PCR was carried out as described above using Vent DNA polymerase and the tonB2 upstream and downstream PCR products were puri¢ed using a QIAquick-spin PCR puri¢cation kit (Qiagen), digested with EcoRI or BamHI (a BamHI site occurs in exbD upstream of the priming site for the TonB2-HindIII primer) as appropriate, and cloned into EcoRI-BamHI-restricted pEX18Tc using a three piece ligation procedure. The resultant tonB2 deletion vector, pQZ230, was introduced into E. coli S17-1 by transformation and then mobilized into P. aeruginosa PAO6609 as above. P. aeruginosa PAO6609 carrying pQZ230 in the chromosome was selected on tetracycline and streptomycin. Following selection on sucrose, sucrose-resistant colonies were screened for the presence of the deletion in the chromosome (e.g. in K1407) using Southern blotting of SalI-digested genomic DNA with the digoxigenin-labeled (Dig DNA Labeling and Detection kit, Boehringer-Mannheim) TonB2-SmaI/TonB2-BamHI PCR product as a probe. A vtonB1 vtonB2 double mutant (K1408) was subsequently constructed by the introduction of a 6Hg-tagged tonB1 deletion into a vtonB2 strain using plasmid pTON-13 (pEX100T : :tonB1: :6Hg) as described previously [19] .
2.8. L-Galactosidase assay P. aeruginosa PAO609 (QZ238) cultured overnight at 37³C in iron-de¢cient succinate minimal medium was subcultured (1:99) into fresh succinate minimal medium with or without FeCl 3 and assayed for L-galactosidase activity [19] once cells had reached an optical density at 550 nm (OD 550 ) of ca. 0.4.
Growth assays
P. aeruginosa cells cultured overnight in iron-de¢cient succinate minimal medium at 37³C were inoculated into fresh iron-de¢cient succinate minimal medium to a ¢nal OD 550 of 0.05. Cell growth was then monitored by measuring OD 550 at 1-h intervals. To assess the ability of cells to utilize heme or hemoglobin as an iron source, overnight cultures of P. aeruginosa in iron-de¢cient succinate minimal medium were diluted 10 35 into fresh iron-de¢cient succinate minimal medium containing EDDHA (150 Wg ml 31 ) with or without hemin (bovine hemin chloride, Sigma) (3.3 WM) or hemoglobin (human) (3.0 WM).
Results and discussion
3.1. Cloning the P. aeruginosa tonB2exbBD genes E. coli strain HE2 lacks functional exbB and tolQ genes, and is fully defective in TonB-dependent processes such as siderophore-mediated iron transport [11] . Thus, HE2 is unable to grown under conditions of iron restriction as imposed by the inclusion of dipyridyl in an iron-limited minimal medium. To clone the exbBD locus of P. aeruginosa, a cosmid bank of P. aeruginosa chromosomal DNA was mobilized into HE2 and selected for growth in the presence of dipyridyl. Several cosmids were ultimately recovered which supported growth of HE2 on dipyridyl-containing minimal medium. At this time, the partial P. aeruginosa genome sequence became available (http:// www.pseudomonas.com) and an exbBD homologue was identi¢ed. Southern hybridization using PCR-derived probes based on the exbBD sequences indicated that cosmid pQZ217 carried the exbBD genes and this was con¢rmed by nucleotide sequence analysis (deposited with GenBank under accession # AF190125). The P. aeruginosa exbB and exbD genes are 717 and 399 bp in length, separated by 2 bp, encoding products of 25.5 kDa and 14 kDa molecular mass, respectively. The P. aeruginosa ExbB and ExbD proteins show similarity to the ExbB and ExbD proteins of E. coli (ExbB, 30.1% identity ; ExbD, 31.6% identity) and are of comparable size (E. coli ExbB, 26 kDa; ExbD, 15.5 kDa). Still, the ExbB protein of Bordetella bronchiseptica (GenBank accession # AF087669) (33.9% identity) and the ExbD protein of Neisseria gonorrhoeae (46.6% identity) showed the greatest homology to the P. aeruginosa proteins. When the exbBD genes were subcloned under the control of the lac promoter of pMMB206, the resultant plasmid (pQZ223) was able to complement the growth defect of the E. coli exbB tolQ mutant HE2 in iron-restricted glucose minimal medium (data not shown), indicating that the P. aeruginosa homologues are functional in iron acquisition.
Twenty-nine bp upstream of the exbBD genes and in the same orientation, a third open reading frame of 810 bp was identi¢ed. This open reading frame was predicted to encode a ca. 29-kDa product exhibiting homology to the TonB proteins of several bacteria (e.g. E. coli, 25.8% identity; Vibrio cholerae, 28.7% identity), including the previously described P. aeruginosa TonB protein (now called TonB1, 28.1% identity). This gene, designated tonB2, may form an operon with exbB and exbD. In terms of size, TonB2 is more closely aligned with the majority of TonB polypeptides, which are typically ca. 27 kDa. In contrast, TonB1 at ca. 37 kDa is substantially larger than all other examples of this polypeptide.
Functional characterization of tonB2exbBexbD
ExbBD are required for TonB-dependent uptake of iron in E. coli and other bacteria. To assess the involvement of the P. aeruginosa exbBD homologues in iron uptake, a deletion derivative was constructed. One measure of iron-siderophore uptake pro¢ciency is the ability to grow in iron-limited minimal medium. Indeed, the previously described tonB1 deletion strain K1040 (PAO6609 vtonB1) [6] grows poorly in such medium (Fig. 2) , consistent with a defect in iron acquisition. Thus, growth of the exbBD deletion strain K1410 in iron-limited succinate minimal medium was assessed. As expected, the P. aeruginosa TonB ExbBD parent strain PAO6609 grew well in this medium (Fig. 2) . K1410 also showed no growth de¢ciency in this medium (Fig. 2) . The failure to see an e¡ect upon deleting the exbBD genes in K1410 is reminiscent of the failure of mutations in the tonB1-exbB1-exbD2 genes of V. cholerae to adversely impact iron acquisition [20] . In this latter instance, it appears that a second copy of these genes, designated tonB2, exbB2 and exbD2, can functionally replace tonB1, exbB1 and exbD1 (and vice versa), and only double mutants are defective in iron acquisition [20] . Similarly, it is known that exbB mutants of E. coli are only partially a¡ected with respect to iron acquisition and other TonB-dependent processes [7, 11] , since the related tolQ gene product is able to replace ExbB to some extent in these processes [11] . No additional exbBD homologues were present in the P. aeruginosa genome sequence, although a tolQ homologue has been described in P. aeruginosa, as part of a tolQRA operon [21] . Thus, it was possible that the lack of an observed e¡ect of an exbBD deletion in P. aeruginosa is due to the ability of tolQ (and tolR, an exbD-like protein) to function in their place. Several attempts at introducing a deletion into the tol genes on the chromosome of P. aeruginosa failed, however, consistent with a previous study that concluded that the tol genes of this organisms were essential and that tol mutations were likely lethal [21] .
As with the exbBD mutant, the tonB2 in-frame deletion strain K1407 grew as well as PAO6609 in the iron-de¢-cient medium (Fig. 2) , indicating that neither tonB2 nor exbBexbD play an essential role (if any) in iron acquisition, at least under these in vitro conditions. Interestingly, elimination of tonB2 in the vtonB1 strain (yielding the double mutant strain K1408) resulted in a total loss of growth in the iron-limited succinate minimal medium (Fig. 2) , indicating that tonB2 likely can replace tonB1 to some extent in iron acquisition. Still, the cloned tonB2 gene (on plasmid pQZ222) failed to enhance growth of K1040 (data not shown), indicating that TonB2 is a poor replacement for TonB1. Plasmid pQZ222 also failed to complement the tonB mutation of E. coli strain RK5015 (data not shown) despite induction of the tonB2 gene with IPTG (tonB2 was cloned under control of the lac promoter of pVLT31 in constructing pQZ222). Still a tonB2-lacZ promoter fusion exhibited iron-regulated L-galactosidase activity in PAO6609 (3Fe, 316 þ 4 Miller units ; +Fe, 26 þ 1 Miller units) and a Fur box was identi¢able upstream of the tonB2 gene (120-CATAA-CAAAAATAATTACT-102 ; matches with the E. coli Fur box consensus are here underlined and the position of the ¢rst and last bp of this sequence relative to the ATG start codon of tonB2 is indicated), suggesting that tonB2 (and exbBD) likely plays some role in iron acquisition in P. aeruginosa.
The presence of two tonB genes in P. aeruginosa is reminiscent of V. cholerae, where two sets of tonB exbB exbD genes have been described [20] . One set, designated tonB1, exbB1, exbD1, is linked to several hemin utilization genes [20] , suggestive of a role in hemin uptake. The ability of P. aeruginosa to use heme as a sole iron source has been demonstrated previously [22] . To assess a possible involvement of tonB2exbBD in heme acquisition, growth promotion by heme-containing iron sources in an iron-restricted (i.e. +EDDHA) medium was assessed. As expected, P. aeruginosa PAO6609, which is unable to grow in ED-DHA-containing medium, grew well when this medium was supplemented with hemin ( Fig. 3) or hemoglobin (Fig. 4) , consistent with this strain being competent for heme uptake and utilization. In contrast, a mutant strain lacking the putative outer membrane heme receptor PhuR, K1411, was unable to grow in EDDHA-containing succinate minimal medium despite supplementation with hemin (Fig. 3) or hemoglobin (Fig. 4) . Mutants de¢cient in exbBD (K1410) or tonB2 (K1407), like PAO6609, showed no growth defect in hemin- (Fig. 3) or hemoglobin- (Fig.  4) supplemented iron-restricted minimal medium. Thus, tonB2exbBD is not required for heme acquisition in P. aeruginosa. Interestingly, a mutant lacking tonB1 (K1040) failed to grow in the medium supplemented with hemin (Fig. 3) or hemoglobin (Fig. 4) , indicating that it plays a role not only in ferri-siderophore uptake [6] but heme uptake as well. As such, the requirement for and function of TonB2-ExbB-ExbD in P. aeruginosa remains unknown. 
